This is an accepted version of a paper published in Physical Chemistry, Chemical Physics -PCCP. This paper has been peer-reviewed but does not include the final publisher proof-corrections or journal pagination. For this, the analysis is partly performed in the Fourier domain and the best-fit parameters are determined by using an approach based on a Genetic Algorithm. The energy migration process has been described by using Monte Carlo simulations and an extended Förster theory (EFT). It is found that the EFT provides the least time-consuming computational method.
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, which neglects the influence of reorientation and spatial motions of the interacting molecules, has been applied in an overwhelming number of studies, although these approximations frequently are invalid. To overcome these limitations an extended Förster theory (EFT) has been developed(3) and applied on various chemical systems (4) . The EFT provides a new tool for examining biomacromolecular structure, which can complement established structural methods. The EFT imposes complex and timeconsuming data analyses, however, as compared to the conventional and crude approaches commonly used in applications of the classical Förster theory. On the other hand, also molecular information from NMR or X-ray diffraction methodologies requires extensive sample preparations and advanced data analyses. In applications of the EFT of pair-wise interaction between chromophores located at a fixed distance, the analysis involves the description of their reorientational restriction and dynamics. This demands the modelling of anisotropic potentials, which are characterised by their strength and geometrical configuration. These properties can be obtained from data measured for the donor groups in the absence of energy migration. For this, time-resolved fluorescence depolarisation studies utilising the time-correlated single-photon counting (TCSPC) technique are most useful. The obtained fluorescence decays easily cover four orders of magnitude, for which the statistical noise obeys poissonian statistics (5) (6) . This paper presents a general approach for the determination of relevant molecular parameters. This is demonstrated by fitting simulated data to synthetic data that mimic TCSPC experiments. In search for the optimal parameter values, two different strategies have been implemented, namely; a Genetic Algorithm (GA) (7) , and a Covariance Matrix Adaptation algorithm (8) . In the procedure of fitting test data to TCSPC data, it was found convenient and time-saving to work in the Fourier transform mode.
Fluorescence depolarisation experiments can be performed by means of the standard onephoton excitation (OPE), as well as by less common two-photon excitations (TPE). Unlike OPE depolarisation experiments, linearly as well as circularly polarised two-photon excitation experiments provide additional information. Actually, OPE and TPE experiments are independent and importantly, they provide the same molecular information about reorienting motions(9-10) and energy migration processes (4) . TPE donor-acceptor electronic energy transfer is increasingly used in life sciences (11) . E.g. in imaging studies of living cells and bio-assays (12) (13) (14) (15) . A few applications of TPE-DDEM exist, where the aggregation of proteins have been studied (16) . The theory of fluorescence depolarisation induced by TPE has been developed previously (10, 17) . Recently the theory of TPE fluorescence has been extended to two-colour excitation (18) . However, so far no theory of fluorescence depolarisation is available that accounts for electronic energy transport upon TPE in the presence of molecular reorientation. This motivates the following unified treatment of OPE and TPE fluorescence depolarisation using computer simulations. The approach presented accounts for DDEM and the complex motion of fluorophores in restricting potentials.
THEORETICAL PREREQUISITES Electronic energy migration -A general formulation
Throughout this work, energy migration within pairs of fluorophores is considered. In the absence of coupling, the fluorescent groups may exhibit different or similar photophysics relaxation. Under these conditions, the fluorescence anisotropy [ ( ) r t ] depends on the process of electronic energy transport. The fluorescence anisotropy is defined according to (19) :
where ( ) D t and ( ) S t are linear combinations of observed fluorescence intensities ( ( )
obtained for different polariser settings ( ) (6) . In most experimental setups, the expression for ( ) D t is given by the difference(6):
Here light propagates of along Z L -axis of the laboratory frame with polarisations in the X L Y Lplane, whereas the emission polariser settings are in X L Z L -plane. The symbol  denotes a parallel setting of the excitation and emission polariser with respect to the X L -axis, while  refers to excitation and emission polariser settings parallel to the Y L -and Z L -axis, respectively. A particular linear combination ( ) S t can be constructed which is invariant to the fluorophore orientation, whereby ( ) S t becomes directly proportional to the total intensity of emitted fluorescence (19) . In experiments using linearly and circularly polarised excitation light, this can be achieved by the following combinations(6):
For energy migration within a donor-donor pair, the fluorescence intensities and corresponding difference and sum curves are given by:
In Eq. 2a ... 
refer to the primary and secondary excitation probability, as well as the photophysics decay, respectively. The functions α, ij ( ) t   accounts for the probability that a photon with a given polarisation is absorbed by the i th fluorophore and then followed by the emission of a photon with the polarisation α from the j Under the assumption of independent photophysics and energy migration processes, the fluorescence anisotropy of pairs of identical molecules can be written as: 
In Eq. 4, ( ) t   depends on the energy migration rate ( ) t  , which in the point dipole-dipole approximation of interaction (2) is given by
where The EFT provides a more general approach for the evaluation of the fluorescence anisotropy.
According to the EFT of donor-donor energy migration (DDEM)(3), the expression for r(t)
has the same analytical shape as that given by Eq. 4. However, the excitation probability of the primary excited donor is then given by the following averaged stochastic function(3):
In the presence of DDEM, the expressions for the anisotropy are equal in OPE and in TPE fluorescence depolarisation experiments (cf. Eq. 4). In both cases the expressions for the orientation factors of absorption-emission probabilities for isotropically oriented donor-pairs, It is here convenient to introduce two more expressions for
Eq. 7b describes the orientation of the absorbing and emitting fluorophores (
relative to linker frame R. This form is useful in computing the correlation functions, because the trajectories of fluorophore motions are conveniently computed in the linker frame. In Eq. 
The residual fluorescence anisotropy
After sufficiently long times following excitation (denoted t   ), the anisotropy reaches a stationary level ( r  ), which is commonly referred to as the residual anisotropy. In this time limit, the excitation probability functions converge to the value of
Moreover, the initially created orientation distribution reaches the equilibrium distribution,
i.e. the angles
For equal orientation distributions of both donor groups, the indices i,j = {1, 2} can be omitted and the averaged matrix elements in Eq. 8 become order parameters (21), denoted
Thus, Eq. 8 can be written:
Taken together, the Eqs. 4, 7c and 9 lead to the following residual anisotropy:
Special cases
For standard OPE depolarisation experiments(6), it is possible to show that:
by using Eq. A2.8 and a unit norm for the transition moment vectors. Here, 11 is transformed into the following frequently cited formula;
From Eq. 7c and the eulerian angular representation it then follows that 
S denotes an order parameter and  is angle between the z-axes of local director frames.
One should notice that previously published equations for the TPE anisotropy in the presence of energy migration (4, 22) are only justified for this particular case. The general expressions for (2) ij ( ) r t  are more complex (cf. Appendix II) and the corresponding anisotropies are considerably different from the OPE anisotropy.
SIMULATIONS AND ANALYSES OF FLUORESCENCE DEPOLARISATION DATA
To illustrate the use of MC simulations and the EFT for the analyses of fluorescence depolarisation experiments, a simulation approach has been used. Test data were then fitted to synthetic data that mimic time-correlated single photon counting experiments. Since data were generated with known modelling parameters, a critical examination of the MC and EFT approach could be performed. The generation of the fitting test data and synthetic experimental data follows the same computational procedures, except for the addition of Poissonian noise to the synthetic data, which is needed to mimic the statistics of the TCSPC technique. Hereby the molecular parameters can be fully controlled, which enables an objective comparison between different strategies of analysis.
Since the analyses involve the determination of several parameters, two different procedures have been used. To start parameters that concern reorienting motions, transition dipoles and TP absorption tensor components were determined. For this, data corresponding to a particular system in the absence of energy migration were analysed. With knowledge of these parameters, the analysis was focussed on the bifluorophoric system, and the parameters involved in the energy migration process.
Different strategies for fitting parameters have been tested. Because multiple solutions could be consistent with experimental data, a method is required which efficiently searches for all local solutions. In practise, most optimisation methods tend to converge into one single local optimum. However, this inconvenience can be overcome by utilising a two-step optimisation procedure. First a coarse grained and slowly converging search is performed to reveal regions of the parameter space that contain local optima. Next a fast converging search is performed for each region of potential interest. For this and at both stages, it was found convenient to use a GA, since this algorithm is easily tuned for a global scanning, or for finding the exact value of a local optimum. In the present work a slightly modified PIKAIA GA routine(7) was used.
Another route for the optimisation is a Covariance Matrix Adaptation algorithm(8), which was tested. Details concerning the modelling of molecular structures and dynamics, the calculation of observable intensities, as well as the examined strategies for the fitting of modelling parameters, are summarised in Appendix I.
Generating fluorescence data
Generated reorientation trajectories of the donor groups in a pair were used for calculating the absorption-emission probabilities ( ( ) t   ) and excitation probabilities ( EFT ( )
). The latter property was calculated from the EFT (cf. Eq. 6) (23-24). The simulated time-resolved anisotropy (cf. Fig. 2A Fig. 4A-B) . The value of the residual anisotropy (26) are related to the local order parameters (22) . In OPE depolarisation experiments, this relation is: 
Simulated OPE and TPE fluorescence depolarisation in the presence of DDEM
Qualitatively, the anisotropy data generated in the presence of energy migration and reorienting motions are similar to those discussed in the previous subsection (cf. Fig. 4A-B) .
The mimicked experimental data refer to the configuration parameters (cf. Appendix I) and the fluorophore-fluorophore distance given by between the symmetry axes of corresponding orientation distributions (cf. Eq. 10).
Reanalyses of synthetic data
A modified genetic algorithm has been used to examine whether the correct distance and configuration angles can be recovered. For this test data were fitted to the synthetic experimental OPE and TPE depolarisation data. Here the test data were synthesised in the same way as the synthesised experimental data. In order to speed up the analysis, poissonian noise was not added, and tenfold fewer rotational trajectories were used. As a goodness of fit parameter the reciprocal value of the reduced 2 r  -value was used. As is illustrated in Fig. 4 C-D the obtained maps of Taken together, this demonstrates that the determination of configuration parameters ( DR  and R ) can only be achieved if one accounts for the dynamics of energy migration.
CONCLUDING REMARKS
This paper describes new procedures and a general theoretical description and analysis of OPE and TPE depolarisation experiments, which simultaneously accounts for reorienting motions and electronic energy migration within pairs of donor molecules. The approach for analysing synthetic depolarisation data yields values on physical parameters, which are consistent with known values on the corresponding parameters. It is shown that configuration parameters can be determined only by considering the dynamics of energy migration. An overall aim of combining DDEM and depolarisation experiments is to determine configuration parameters. While the OPE and TPE experiments are independent, the obtained configuration parameters from the OPE and TPE data are the same (cf. Fig. 4 ). This can be expected since the molecular configuration is invariant to the excitation used. Actually, performing independent experiments strengthens the probability of finding reliable values on the configuration parameters. Moreover, TP experiments introduce new features that can be exploited. In particular, using circularly polarised excitation also provides independent information about the configuration. Finally, longer excitation wavelength can be selected, which could be useful in studies of biological systems.
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APPENDIX I: Simulations of depolarisation experiments

Modelling molecular structure and dynamics
A general bifluorophoric molecule denoted by D 1 -R-D 2 has been considered in which planar donor groups are covalently connected to a rigid linker group (cf. Fig. 1 ). The studied ensemble D 1 -R-D 2 molecules isotropically oriented. The donor groups undergo local independent reorienting motions, which are described by Brownian dynamics simulation using a restricting potential, 
In Eq. A1.1, i ( ) q t  i={0...3} denote increment components in the immobile frame, and i  i={x, y, z} are components of angular displacement in the molecular frame. The angular displacement can be calculated by using the Euler-Langevin equation (28):
Here, I is the moment of inertia of a fluorophore group, 
Here the stochastic displacement ( ) t   is a random vector with a zero mean-value and the covariance matrix . The distribution of ( ) t   has no principal meaning and is conveniently normalised. Hereby it is given by
, where (3) (0,1)  is a random vector with a standard normal distribution. In practice it is convenient to diagonalise the friction matrix by aligning the molecular frame along its eigenvectors. Hereby the components of angular displacements are given by:
In Eq. A1. The positions of the symmetry axes of the donor orientation distributions with respect to the R frame are described by the angles
        (cf. Fig. 1 ).
Accounting for the fact that we consider axially symmetrical donor orientation distributions this set of Euler angles can be replaced by angles 
Simulation of energy transfer
The energy migration rates,   
Calculation of anisotropy decays
The orientation functions ij 
TPE experiments
For a fluorophore with the transition moment   , the orientational part of the probability ( OP  ) of the absorption or emission of one photon with the polarisation   is given by: 
Eq. A2.4 can be simplified by averaging over an isotropic orientation distribution of the bifluorophoric molecules ( RL  ) gives:
Finally, one obtains the following expression for the orientation factors of probabilities which appear in the anisotropy expressions: 
